Detecting heat from minor planets in the outer solar system is challenging, yet it is the most efficient means for constraining the albedos and sizes of Kuiper Belt Objects (KBOs) and their progeny, the Centaur objects. These physical parameters are critical, e.g., for interpreting spectroscopic data, deriving densities from the masses of binary systems, and predicting occultation tracks. Here we summarize Spitzer Space Telescope observations of 47 KBOs and Centaurs at wavelengths near 24 and 70 µm. We interpret the measurements using a variation of the Standard Thermal Model (STM) to derive the physical properties (albedo and diameter) of the targets. We also summarize the results of other efforts to measure the albedos and sizes of KBOs and Centaurs. The three or four largest KBOs appear to constitute a distinct class in terms of their albedos. From our Spitzer results, we find that the geometric albedo of KBOs and Centaurs is correlated with perihelion distance (darker objects having smaller perihelia), and that the albedos of KBOs (but not Centaurs) are correlated with size (larger KBOs having higher albedos). We also find hints that albedo may be correlated with with visible color (for Centaurs). Interestingly, if the color correlation is real, redder Centaurs appear to have higher albedos. Finally, we briefly discuss the prospects for future thermal observations of these primitive outer solar system objects.
INTRODUCTION
The physical properties of Kuiper Belt Objects (KBOs) remain poorly known nearly 15 years after the discovery of (15760) 1992 QB 1 (Jewitt and Luu, 1993) . While KBOs can be discovered, their orbits determined, and their visiblelight colors measured (to some extent) using modest telescopes, learning about fundamental properties such as size, mass, albedo, and density remains challenging. Determining these properties for a representative sample of TNOs is important for several reasons. Estimating the total mass of material in the transneptunian region, and relating visible magnitude frequency distributions to size-and massfrequency is uncertain, at best. Quantitative interpretation of visible and infrared spectra is impossible without knowledge of the albedo in those wavelength ranges. Size estimates, when coupled with masses determined for binary KBOs (see Noll et al. chapter) , constrain the density, and hence internal composition and structure, of these objects. All of these objectives have important implications for physical and chemical conditions in the outer protoplanetary nebula, for the accretion of solid objects in the outer Solar System, and for the collisional evolution of KBOs themselves. Of course, there is a relative wealth of information about Pluto and Charon, the two longest known KBOs, and we do not address their properties further here.
The Centaur objects, with orbits that cross those of one or more of the giant planets, are thought to be the dynamical progeny of KBOs (e.g. Levison and Duncan, 1997; Dones et al. chapter) . The Centaurs are particularly interesting both because of their direct relation to KBOs, and also because their orbits bring them closer to the Sun and to observers, where, for a given size, they are brighter at any wavelength than their more distant relatives. Because of their planet-crossing orbits, the dynamical lifetimes of Centaurs are relatively short, typically a few Myr (e.g. Horner et al., 2004) .
The sizes of some KBOs and Centaurs have been determined by a variety of methods. Using HST, resolved the KBO 50000 Quaoar, placed an upper limit on the size of Sedna , and resolved 136199 Eris . Recently Rabinowitz et al. (2005) placed constraints on the size and albedo of 136108 (2003 EL 61 ) based on its short rotation period (3.9 hr) and an analysis of the stability of a rapidly rotating ellipsoid. Trilling and Bernstein (2006) performed a similar analysis of the lightcurves of a number of small KBOs, obtaining constraints on their sizes and albedos. Advances in the sensitivity of far-IR and sub-mm observatories have recently allowed the detection of thermal emission from a sample of outer solar system objects, providing constraints on their sizes and albedos. Jewitt et al. (2001) , Lellouch et al. (2002) , Margot et al. (2002 Margot et al. ( , 2004 , Altenhoff et al. (2004) , have reported submillimeter-millimeter observations of thermal emission from KBOs. Sykes et al. (1991; 1999) analyze Infrared Astronomical Satellite (IRAS) thermal detections of 2060 Chiron and the Pluto-Charon system, determining their sizes and albedos. Far-infrared data from the Infrared Space Observatory (ISO) were used to determine the albedos and diameters of KBOs 15789 (1993 SC), 15874 (1996 ) and 2060 Chiron . studied the thermal state of Pluto's surface in detail using ISO. Grundy et al. (2005) provide a thorough review of most of the above, and include a sample of binary KBO systems with known masses, to constrain the sizes and albedos of 20 KBOs.
Spitzer Space Telescope (Spitzer hereafter) thermal observations of KBOs and Centaurs have previously been reported by Stansberry et al. (2004: 29P/SchwassmannWachmann 1), Cruikshank et al. (2005 : 55565 2002 ), Stansberry et al. (2006 : 47171 1999 ), Cruikshank et al. (2006) , Grundy et al. (2007a : 65489 2003 ) and Grundy et al. (in preparation: 42355 2002 CR 46 . Here we summarize results from several Spitzer programs to measure the thermal emission from 47 KBOs and Centaurs. These observations place secure constraints on the sizes and albedos of 42 objects, some overlapping with determinations based on other approaches mentioned above. We present initial conclusions regarding the relationship between albedo and orbital and physical properties of the targets, and discuss future prospects for progress in this area.
THERMAL MODELING
Measurements of thermal emission can be used to constrain the sizes, and thereby albedos, of un-resolved targets. Tedesco et al. (1992; 2002) used Infrared Astronomical Satellite (IRAS) thermal detections of asteroids to build a catalog of albedos and diameters. Visible observations of the brightness of an unresolved object are inadequate to determine its size, because that brightness is proportional to the product of the visible geometric albedo, p V , and the cross-sectional area of the target. Similarly, the brightness in the thermal IR is proportional to the area, and is also a function of the temperature of the surface, which in turn depends on the albedo. Thus, measurements of both the visible and thermal brightness can be combined to solve for both the size of the target and its albedo. Formally the method requires the simultaneous solution of the following two equations:
where F is the measured flux density of the object at a wavelength in the visible ("vis") or thermal-infrared ("ir"); F ⊙,vis is the visible-wavelength flux density of the Sun at 1 AU; r and ∆ are the object's heliocentric and geocentric distances, respectively; R is the radius of the body (assumed to be spherical); p V is the geometric albedo in the visible; Φ is the phase function in each regime; B λ is the Planck function; and ǫ is the infrared bolometric emissivity. T = T (p V q, η, ǫ, θ, φ) is the temperature, which is a function of p V ; ǫ; the "beaming parameter," η; surface planetographic coordinates θ and φ; and the (dimensionless) phase integral, q (see below for discussions of η and q).
In practice, the thermal flux depends sensitively on the temperature distribution across the surface of the target, and uncertainties about that temperature distribution typically dominate the uncertainties in the derived albedos and sizes (see Fig. 1 ). Given knowledge of the rotation vector, shape, and the distribution of albedo and thermal inertia, it is in principle possible to compute the temperature distribution. Unsurprisingly, none of these things are known for a typical object where we seek to use the radiometric method to measure the size and albedo. The usual approach is to use a simplified model to compute the temperature distribution based on little or no information about the object's rotation axis or even rotation period.
Standard Thermal Model
The most commonly employed model for surface temperature on asteroidal objects is the Standard Thermal vertical error bars within them indicating the measurement uncertainties. Six models are fit to the data, with the resulting model albedos, diameters, and beaming parameters summarized in the legend. From top to bottom the models are: 1) Hybrid STM fit to 24 and 70 µm data, with η as a free parameter (the therm model used here), 2) Hybrid ILM fit to 24 and 70 µm data, 3) Canonical STM (η = 0.756) fit to the 24 µm data, 4) Canonical ILM (η = 1.0) fit to the 24 µm data, 5) Canonical STM fit to the 70 µm data, 6) Canonical ILM fit to the 70 µm data. Note the close agreement of the albedos and sizes for models 1 and 2. Fits to data from one band, using the canonical asteroid values for η, result in much larger uncertainties in the derived parameters, particularly the fits to the 24 µm data.
Model (STM; cf. Lebofsky and Spencer, 1989, and references therein) . The STM assumes a non-rotating (or equivalently, zero thermal inertia) spherical object, and represents the "hot" end-member to the suite of possible temperature distributions. Under STM assumptions, the dayside temperature depends only on the angular distance from the sub-solar point, θ: T (θ) = T 0 cos 1/4 θ, and the temperature is zero on the night side. The sub-solar point temperature T 0 = [(1 − A)S/(ηǫσ)] 1/4 . Here A = q p V is the bolometric albedo, S is the solar constant at the distance of the object, and σ is the Stefan-Boltzmann constant. Even though the STM represents the hottest reasonable distribution of surface temperatures for an object in radiative equilibrium with sunlight, early studies of the emission from asteroids showed that their emission was even hotter than predicted by the STM (Jones and Morrison, 1974; Morrison and Lebofsky, 1979) . That led to the introduction of the beaming parameter, η, which allows for localized temperature enhancements on the dayside, e.g. in the bottoms of craters or other rough features, and the tendency of such warm regions to radiate preferentially in the sunward (and, for outer solar system objects, observer-ward) direction (i.e. to beam). (Note that while η appears analogously to the emissivity, ǫ, in the expression for the surface temperature, η does not appear explicitly in the expression for the thermal emission, Eq. 1b.) Lebofsky et al. (1986) derived a value of η = 0.756 based on 10 µm observations of Ceres and Pallas. We refer to the STM with η set to 0.756 as the canonical STM.
Isothermal Latitude Model (ILM)
The cold end-member of the suite of plausible temperature distributions for an object in radiative equilibrium with sunlight is the Isothermal Latitude Model (ILM; also known as the fast-rotator model). The ILM assumes a spherical object illuminated at the equator and rotating very quickly (or equivalently, a slowly rotating object with infinite thermal inertia). The resulting temperature distribution depends only on latitude, φ: T (φ) = T 0 cos 1/4 φ, where in this case the sub-solar point temperature is given by
1/4 . The factor of π in this expression reduces the subsolar point temperature by 33% relative to the STM. Because the ILM is characterized by infinite thermal inertia, local temperature variations, and therefore beaming, are precluded: thus the canonical ILM assumes η = 1. Fig. 1 illustrates the problems inherent in using either the STM or the ILM to measure the sizes and albedos of KBOs. In particular, none of the 4 canonical STM or ILM models fit to either the 24 or 70 µm data (4 lower elements in the figure legend) match the observed 24:70 µm color. As a result, the systematic uncertainties on the albedos and diameters, depending only on whether the STM or ILM is used, are large: p V is uncertain by a factor > 2.5 for the fits to the 70 µm data, and is uncertain by a factor of > 17 for the fits to the 24 µm data. (Note, however, that the relative efficacy of these two wavelengths depends on the temperature of the target: if the thermal spectrum peaks near the 24 µm band, observations at that wavelength will be considerably more effective at constraining the physical properties of the target than indicated by this particular example.) However, if the beaming parameter, η, is allowed to be a free parameter of the fit (top 2 elements in the figure legend), both the color of the thermal emission and its intensity can be matched. More importantly, both the STM and ILM give nearly the same diameters and albedos with η as a free parameter. The basic reason for this is that the 24 and 70 µm data provide a direct determination of the temperature of the thermal emission from the object; equating that color temperature to the effective temperature gives a direct estimate of the size of the target, independent of the details of an assumed temperature distribution (and independent of the visual brightness as well).
A Hybrid Thermal Model
While the beaming parameter was introduced to model enhanced localized dayside temperatures and infrared beaming, it can also mimic the effects of other influences on the temperature distribution, such as pole orientation (note that the emission from a pole-on ILM is indistinguishable from the STM), and intermediate rotation rates and thermal inertias. For example, a rotating body with non-zero thermal inertia will have lower dayside temperatures than predicted by the STM, but an STM with a value of η larger than would be supposed based on its surface roughness will have a similar color temperature. Likewise, a quickly rotating body with a low thermal inertia will have higher dayside temperatures than predicted by the ILM, an effect that can be mimicked by an ILM with η < 1.
Returning to the top two models in the legend of Fig. 1 , the STM fit results in η = 1.09, suggesting that the temperature distribution on the target (the KBO 36828 Huya) is cooler than predicted by the canonical STM with η = 0.756. Likewise, for the ILM η = 0.41, suggesting that the surface is significantly hotter than would be predicted by the canonical ILM with η = 1.
Thermal Model: Application
In the following we adopt a thermal model in which the beaming parameter, along with size and albedo, are free parameters which we use to simultaneously fit observed flux densities at two thermal wavelengths, and the constraint imposed by the visual brightness of the object. Because such models have temperature distributions intermediate between the canonical STM and ILM, they can be thought of as a hybrid between the two. Further, because the systematic uncertainties in the model albedos and diameters associated with the choice of hybrid STM or hybrid ILM are fairly small relative to the uncertainties in the measured flux densities and other model assumptions, we simply adopt the hybrid STM as our model of choice. (The error bars on p V and D stemming from the choice of STM or ILM hybrid model in Fig. 1 are 4% and 2%.) We note that a number of studies have employed a similar approach with variable η (e.g. Harris, 1998; Delbo et al., 2003; .
In order to use the STM, we must make some assumptions regarding the nature of the thermal emission and visible scattering. We assume a gray emissivity, ǫ = 0.9. The infrared phase function, φ ir = 0.01 mag/deg, depends only weakly on the emission angle. For our observations, emission angles for all but 5 targets (29P, Asbolus, Elatus, Thereus and Okyrhoe) were < 5 deg. Because the effects are small relative to other uncertainties in the models and data, we have neglected the IR phase effect for all of the results presented here.. We assume standard scattering behavior for the the objects in the visible, i.e. a scattering assymetry parameter, G = 0.15, leading to a phase integral q = 0.39 (Bowell et al., 1989) . This assumption also allows us to directly relate the geometric albedo p V , the diameter D, and the absolute visual magnitude,
−HV /5 , where D is in km (Bowell et al., 1989; Harris, 1998) . By utilizing the absolute visual magnitude in this way, the scattering phase function, Φ vis apparently drops out; however, if the actual scattering behavior differs from the assumption above, our albedos and diameters will still be affected because the scattering behavior determines the value of q. We note, also, the results of Romanishin and Tegler (2005) , who found that absolute magnitudes available through the IAU Minor Planet Center and through the Horizons service at the Jet Propulsion Laboratory have are biased downward (brighter) by 0.3 magnitudes. The H V values shown in Table 1 are culled from the photometric literature, and should be fairly reliable.
For low albedo objects, the albedos we derive depend only weakly on the assumed value of q, while for highalbedo objects the value of q exerts a strong influence (see expressions for T 0 in Sections 2.1 and 2.2). For the example of 38628 Huya (Fig. 1) , changing to q = 0.8 makes only a ≤ 1% difference in the albedo. However, if we use q = 0.39 to model the data for the 4 largest objects in the sample, 90377 Sedna, 136199 Eris, 136108 (2003 EL 61 ), and 136472 (2005 FY 9 ) , we obtain geometric albedos that exceed a value of 2. While not (necessarily) unphysical, such high values for the geometric albedo are unprecedented. Pluto's phase integral q = 0.8, so for these 4 objects (only) we adopt that value instead.
Thermophysical Models
More sophisticated extensions to the STM and ILM include the effects of surface roughness and (non-zero, noninfinite) thermal inertia (Spencer, 1990) , and viewing geometries that depart significantly from zero phase (Harris, 1998) . However, for the purpose of determining KBO albedos and diameters from their thermal emission, the hybrid STM gives results and uncertainties that are very similar to those obtained through application of such thermophyscal models (e.g. Stansberry et al., 2006) . Because the hybrid STM is much simpler, and it produces results comparable to thermophysical models, we employ only the hybrid STM.
(We note that thermophysical models are of significant in-terest for objects where the pole orientation and rotational period of the target are known, because such models can then constrain the thermal inertia, which is of interest in its own right).
SPITZER OBSERVATIONS
Roughly 310 hours of time on the Spitzer have been allocated to attempts to detect thermal emission from KBOs and Centaurs, with the goal of measuring their albedos and diameters. Spitzer has a complement of three instruments, providing imaging capability from 3.6 -160 µm, and lowresolution spectroscopy from 5 -100 µm (Werner et al., 2004) . The long-wavelength imager, MIPS (Multiband Imaging Photometer for Spitzer, Rieke et al., 2004) , has 24, 70 and 160 µm channels. Because of the placement of these channels, and the sensitivity of the arrays (which are at least 10 times more sensitive than previous far-infrared satellites such as IRAS and ISO), MIPS is well-suited to studying the thermal emission from KBOs.
The Sample
Spitzer has targeted over 70 KBOs and Centaurs with MIPS. About 2/3 of the observations have been succesful at detecting the thermal emission of the target, although in some of those cases the detections have a low signalto-noise ratio (SNR). Here we describe observations of 47 KBOs and Centaurs made during the first 3 years of the mission, focusing on observations of the intrinsically brightest objects (i.e. those with the smallest absolute magnitudes, H V ), and of the Centaur objects. Table 1 summarizes the orbital and photometric properties of the sample.
The distribution of the objects in terms of dynamical class is also given, in two forms. The second to last column, labeled "TNO?", indicates whether the orbital semimajor axis is larger than Neptune's. By that measure, 31 of the objects are trans-Neptunian Objects (TNOs), and 17 are what might classically be called Centaur objects; that classification is nominally in agreement with the classification scheme proposed in the Gladman et al. chapter, although they classify Okyrhoe and Echeclus as Jupiter family comets, rather than Centaurs. Another classification scheme has been proposed by Elliot et al. (2005;  see also Dones et al. chapter) as a part of the Deep Ecliptic Survey (DES) study, and the target classification thereunder appears as the last column in the table. According to the DES classification, 21 of the targets in the Spitzer sample are Centaurs.
Thus, about 30-40% of the sample we discuss here are Centaurs, and the rest KBOs. Among the KBOs, only 4 objects are Classical, while 12 are in mean-motion resonances with Neptune, 9 are in the scattered disk, and one (90377 Sedna) is in the extended scattered disk: Classical objects are under-represented. Because Classicals do not approach the Sun as closely as the Resonant and Scattered Disk objects, and because they have somewhat fainter absolute magnitudes, the Classicals are at the edge of Spitzer capabilities. One Spitzer program has specifically targeted 15 of the Classicals, but data analysis is ongoing.
The visible photometric properties of the sample are diverse, and generally span the range of observed variation except in terms of the absolute magnitudes, which for the KBOs are generally H V ≤ 7. The spectral properties of KBOs and Centaurs are reviewed in the chapters by Barucci et al., Tegler et al., and Doressoundiram et al.: here we summarize those characteristics as regards our sample. The visible colors, given in Table 1 as the spectral slope (measured relative to V), cover the range from neutral to very red (Pholus) . Visible absorption features have been reported in the 0.6-0.75 µm region for 47932 (2000 GN 171 , 38628 Huya, and (2003 AZ 84 ) (Lazzarin et al., 2003; de Bergh et al., 2004; Fornasier et al. 2004 (Licandro et al., 2006a; Tegler et al., 2007; Brown et al., 2007) , and 136199 Eris may also have N 2 ice (Licandro et al. 2006b ). Two of the objects exhibit surface heterogeneity: 31824 Elatus (Bauer et al., 2003) and 32532 Thereus (Barucci et al., 2002; Merlin et al., 2005) .
The Observations
Most of the targets in the sample presented here were observed in both the 24 and 70 µm channels of MIPS. In a few cases, when the target was predicted to be too faint to observe in the second channel, only one channel was used. Integration times vary significantly, ranging from 200 -4000 sec. As Spitzer observations of KBOs and Centaurs proceeded, it became clear that they were significantly harder to detect than had been predicted prior to the launch. The difficulty was due to a combination of worse than predicted sensitivity for the 70 µm array (by a factor of about 2), and the fact that KBOs are colder and smaller than assumed. As these realities made themselves evident, later observing programs implemented more aggressive observing strategies, and have generally been more successful than the early observations.
In some cases the same target was observed more than once. These observations fall into three categories: repeat observations seeking to achieve higher sensitivity (e.g. 15875 (1996 TP 66 ) and 28978 Ixion), multiple visits to characterize lightcurves (20000 Varuna and 47932 (2000 GN 171 ) are the only cases, and neither observation produced a measurable lightcurve), and multiple visits to allow for the subtraction of background objects (so-called "shadow observations"). The basic idea of a shadow observation is to observe the target, wait for it to move out of the data pipeline, with scattered light and dark latent artifacts still present. The center panel shows the improvements that can be made by correcting the aforementioned artifacts, and reflects the quality of the data we analyzed for targets that were imaged only once. The right panel shows further improvement due to the subtraction of a shadow observation, and reflects the quality of data we analyzed for targets that were imaged two or more times.
the way, then re-observe the field. By subtracting the two images, the emission from stationary sources is removed. Fig. 2 illustrates the shadow method, as well as some of the extra processing we apply to the Spitzer 24 µm data to improve its quality.
Photometry
Flux densities were measured using aperture photometry, as described in Cruikshank et al. (2005) and Stansberry et al. (2006) . The apertures used encompassed the core of the PSF, out to about the first Airy minimum (their angular radii were 10 ′′ and 15 ′′ at 24 and 70 µm). Small apertures were used to maximize the signal-to-noise ratio (SNR) of the measurements. Sky measurements were made in the standard way, with an annulus surrounding the object aperture, and also by placing multiple circular apertures in the region around the target when the presence of background sources or cirrus structure dictated. The photometry was aperture corrected as described in Engelbracht et al. (2007) and Gordon et al. (2007) . Finally, we apply color corrections to our measurements as described in Stansberry et al. (2007) , resulting in monochromatic flux densities at the effective wavelengths of the 24 and 70 µm filters (23.68 and 71.42 µm, respectively). The MIPS calibration is defined in such a way that the color corrections for stellar spectra are unity. Even though our targets are much colder (typically at or below 80 K), the ≃ 20% passbands of the MIPS filters result in color corrections that are typically less than 10%.
Uncertainties on the absolute calibration of MIPS are 4% and 5% at 24 and 70 µm, respectively Gordon et al., 2007) . In our photometry of KBOs and Centaurs we adopt systematic uncertainties of 5% and 10%, to account for the absolute calibration uncertainty and additional uncertainties that may be present, e.g., in our aperture and color corrections. At 70 µm our adopted systematic uncertainty includes significant margin to account for degraded repeatability for faint sources. Additional uncertainty comes from the finite SNR of the detections themselves, which is estimated from the statistics of values falling in the sky annulus and/or sky apertures. We root-sum-square combine the systematic uncertainty with the measurement uncertainty determined from the images to estimate the final error bars on our measurements, and use those total uncertainties in estimating the physical parameters we report. The SNR values we tabulate below reflect the errors estimated from the images, and so provide an estimate of the statistical significance of each detection.
SPITZER RESULTS
Our flux density measurements, and the albedos and diameters we derive from them, are given in Tables 2 and 3.  Table 2 gives our results for those objects observed in both the 24 and 70 µm channel. When only an upper limit on the flux density was achieved, the results in Table 2 bound the albedo and diameter of the target. Table 3 gives the results for those objects observed at only one wavelength, and gives a second interpretation of the data for those objects in Table 2 that were only detected at one wavelength.
In both Tables 2 and 3 we give the color corrected flux density of each target, the SNR of the detections, and the temperature we used to perform the color corrections. Where we did not detect the source, we give the 3σ upper limit on the flux density, and the SNR column is blank. When an object was not observed in one of the bands (Table 3 only), the flux and SNR columns are blank. In both Table 2 and 3, albedos (p V ), diameters (D), and beaming parameters (η) follow the fluxes and temperatures.
Two-Wavelength Results
As discussed earlier and demonstrated in Fig. 1 , the model-dependent uncertainties in the albedo and diameter we derive for targets detected at both 24 and 70 µm are much smaller than those uncertainties for objects detected in only one of those bands, and in particular are usually very much smaller than for objects detected only at 24 µm. For this reason, we focus first on the targets we either detected at both wavelengths, or for which we have constraints on the flux density at both. We use these results to inform our models for targets with single-band detections and limits.
We apply the hybrid STM to the observed flux densities as follows. For targets detected in both bands (Table 2) , we fit the observed flux densities and the 1σ error bars, deriving albedo and diameter values and 1σ uncertainties on them. For those objects with an upper limit in one band and a detection in the other, we fit the detection and the the upper limit in order to quantitatively interpret the constraints the limit implies for the albedo and diameter. For this second class of observation, we also perform a singlewavelength analysis (see Table 3 ) in order to derive independent constraints on these properties. While the results given in Table 2 include values of the beaming parameter, η, those values only reflect the departures of the measured emission from the assumptions of the STM; had we chosen to model the data with the ILM, the fitted values for η would be entirely different (even though p V and D would be very similar). Results from observations made at very similar epochs are averaged. An exception to that rule is the two observations of 38628 Huya. Those data were analyzed independently to provide a check on the repeatability of our overall data analysis and modeling methods for a "bright" KBO, and show agreement at the 4% level for p V , and at the 2% level for D.
The average behavior of the targets is of particular interest for interpreting single-wavelelength observations, where we have no independent means for constraining η. Restricting our attention to those targets detected at SNR≥ 5 at both 24 and 70 µm, and excluding the highest and lowest albedo object from each class, we find that for outer solar system objects the average beaming parameter is η = 1.2 ± 0.35. We re-examine the average properties of the sample later.
Single-Wavelength Results
Because we are primarily interested in the albedos and sizes of our targets, we fit our single-wavelength observations with the STM, setting the beaming parameter to the average value determined above: we term this model the "KBO-tuned" STM. We also apply the canonical STM and ILM (i.e. with η = 0.756 and 1.0, respectively) to the single-wavelength data, to interpret the data in the context of these end-member models and assess the resulting uncertainties in model parameters. Table 3 gives the results for the single-wavelength sample, including those objects in Table 2 with a detection at one wavelength and an upper-limit at the other. Where a model violates a flux limit, the corresponding albedo and diameter entries appear as a "?". The albedos and diameters we derive using the average beaming parameter from the two-wavelength sample are in the columns labeled "KBOTuned STM"; the range of albedos and diameters resulting from application of the canonical STM and ILM are labeled "STM 0 " and "ILM 0 ". Note that the flux densities for objects in both Table 2 and 3 are sometimes slightly different, because in Table 3 the color correction is based on the blackbody temperature at the object's distance, rather than on the 24:70 µm color temperature.
Spitzer Albedos and Diameters
The results presented above include low SNR detections, non-detections, and multiple results for some targets. In the top portion of Table 4 we present results for the 39 targets that were detected at SNR ≥ 5 at one or both wavelengths. The results for targets that were visited multiple times are averaged unless one observation shows some indication of a problem. Targets with an upper limit in either band appear in both Tables 2 and 3; in the top portion of Table 4 we give values that are representative of all of the earlier models. The top portion of the table contains 39 objects, 26 detected at both 24 and 70 µm, 9 at 24 µm only, and 4 at 70 µm only. 17 of the objects have orbital semimajor axes inside Neptune, and 21 exterior to Neptune's orbit. Where other albedo and diameter determinations exist, the table summarizes the result, the basis of the determination, and the publication.
Other Constraints on p V and D
The albedos and sizes of about 20 TNOs several Centaurs have been determined by other groups using various methods; the lower portion of Table 4 presents those results not given in the top portion of the table, and the constraints that can be derived from Spitzer data, when those exist (although the SNR for all 5 cases is low, and for 90377 Sedna only a 70 µm limit is available).
In general our results and those of other groups agree at the ≤ 2σ level (e.g. Lellouch et al. (2002) , which suggest a significantly larger size and lower albedo. While our detection at 70 µm nominally satisfied the 5σ threshold for Table 4 , the background showed significant structure and the SNR of the detection in the individual visits was actually quite low. Combined with the fact that we were not able to directly fit the beaming parameter, we are inclined to favor the submillimeter results for this object over those from Spitzer. While there is some tendency for the Spitzer diameters to be smaller and albedos higher, there is generally good agreement between our Spitzer results and those from other groups and methods.
ALBEDO STATISTICS and CORRELATIONS
The Kuiper Belt is full of complexity, in terms of the dynamical history and the spectral character of its inhabitants. It is natural to look for relationships between the albedos of KBOs and their orbital and other physical parameters. Fig. 3 shows the Spitzer albedos for detections with SNR≥ 5 (top portion of FY 9 ) ) and the rest of the objects. 90377 Sedna probably also belong to this class, although our data only place a lower bound on its albedo. 136199 Eris and 136472 (2005 FY 9 ) both have abundant CH 4 ice on their surfaces, and so are expected to have very high albedos. 90377 Sedna's near-IR spectrum also shows evidence for CH 4 and N 2 ices Emery et al., 2007) , and Schaller et al. (2007) show that those ices should not be depleted by Jean's escape: it seems likely 90377 Sedna's albedo is quite high. The surface of 136108 (2003 EL 61 ) is dominated by water ice absorptions, with no evidence for CH 4 or N 2 , yet also has a very high albedo. Charon, which has a similar spectrum, has p V ≃ 37%, but some Saturnian satellites (notably Enceladus and Tethys) have albedos ≥ 80% (Morrison et al., 1986) .
The dichotomy between 136199 Eris, 136108 (2003 EL 61 ), 136472 (2005 FY 9 ), Pluto (and probably 90377 Sedna) and the rest of the KBOs and the Centaurs, in terms of their albedos and spectral characteristics, suggest that they are members of a unique physical class within the Kuiper Belt population (see chapter by Brown et al.) . We will refer to these objects as "planetoids" in the following, and generally exclude them from our discussion of albedo statistics and correlations because of their obviously unique character. Typical geometric albedos for all of the KBOs and Centaurs are in the range 6.9%-8.0%, depending on whether the mean or median is used, with a dispersion of about 4.1%. Regardless of which Centaur classification one chooses, it appears that Centaurs may have slightly lower albedos than KBOs, although the differences are not statistically significant relative the the dispersion of the albedos within the classes. The Kuiper variant of the Kolmogorov-Smirnov (K-S) test gives no evidence that the albedos of the KBOs and Centaurs are drawn from different parent populations, regardless of whether the MPC or DES definition of Centaur is used. Typical values for the beaming parameter (exluding results based on an assumed beaming parameter) are in the range 1.1 -1.20, with a dispersion of about 0.4. This is in good agreement with the value of 1.2 ± 0.35 we adopted for the "KBO Tuned STM" used to construct Table 3. There does not appear to be any significant difference in the beaming parameter between KBOs and Centaurs.
Albedo Statistics

Albedo Correlations
Because our errors are non-symmetric and probably nongaussian, we apply the Spearman rank-correlation test to assess the significance of any correlations between albedo and other parameters. Table 5 gives the correlation coefficients (ρ), and their significance (χ) in standard deviations from the non-correlated case. The albedos for the 4 planetoids mentioned above are not included in these calculations. Fig. 3a and 3b show p V as a function of the orbital properties a and q ⊙ . There is an upward trend of p V vs a, with the objects at a < 20 AU clustering at p V ≃ 5%, while at larger distances there is significantly more scatter in p V . As shown in Table 5 , the correlation between p V and a for the entire sample is significant at the χ = 2.7σ level (99.4% likelihood). It appears that most of the correlation is due to the Centaurs, but the significance of the Centaur correlation depends considerably on which definition of Centaur is used. (Note that because the number of objects in the KBO and Centaur subsamples is about half that of the full sample, the significance of the correlations for the subsamples is typically lower than that for the full sample.) Because the significance of the p V vs a correlation is below 3σ, it is tentatitive. Another reason to treat the correlation with some skepticism is that it could reflect biases in the parameter space for KBO discoveries: low-albedo objects will be harder to detect at visible wavelengths, and the difficulty increases significantly with distance. Because our sample is drawn from optically discovered objects, one might expect a trend such as seen in Fig. 3a even if there is no real correlation between p V and a. Fig. 3b reveals a similar correlation between p V and q ⊙ , and Table 5 suggests that in this case the correlation is significant at the χ = 3.5σ level (99.95% likelihood). This correlation holds up fairly well for both Centaurs and KBOs, regardless of which classification is used. It is possible that this correlation could also be due to the discovery bias mentioned above. However, if it reflects an actual relationship between p V and q, there may be a fairly simple explanation. Objects closer to the Sun will tend to experience higher temperatures, depleting their surfaces of volatile molecules (which typically have high visible reflectances). Likewise, UV-photolosis and Solar wind radiolysis will also proceed more quickly closer to the Sun, and could darken those surfaces (although radiolysis by cosmic rays probably dominates beyond about 45 AU (see Cooper Open circles are for Centaur objects (a < 30.066 AU); filled circles are for TNOs. In panel a) the point for 90377 Sedna has been plotted at a = 150 AU rather than at its true semimajor axis of 489 AU. In panel b) the point for 90377 Sedna has been plotted at q = 50 AU, rather than at its true perihelion distance of 78 AU.
et al. chapter). Fig. 3c and 3d show p V as a function of intrinsic properties of the objects: the diameter, D, and the visible spectral slope (color), S. Fig. 3c shows an apparent correlation between p V and D, and particularly so for the KBOs. This correlation is apparently confirmed in Table 5 , where for the MPC classification the p V vs. D correlation is significant at the χ = 3.4σ level (99.9% likelihood). However, for the DES classification the significance is only χ = 2.8σ (99.5% likelihood), so the correlation is not robust against small changes in which objects are considered as KBOs. Including the planetoids in the correlation calculation increases the significance of the correlation to well above 3σ, but doing so results in a (probably) false impression that the albedos of all KBOs are well correlated with diameter. At this time it is difficult to conclude that any such correlation exists at a statistically significant level. Fig. 3d shows an apparent correlation between p V and S, particularly for the Centaurs. Table 5 shows that this correlation is the second most significant for a subclass, with 2.6 ≤ χ ≤ 2.9 (depending on the classification chosen), second only to the p V vs. D correlation for KBOs. Here, the Kuiper variant K-S test does indicate a high likelihood (99.95%) that the albedos of red KBOs and Centaurs (with S > 0.2) are drawn from a different parent population than the gray ones, a similar result to that found based on the Centaur colors alone (see Tegler et al. chapter) . A natural assumption might be that the color diversity of KBOs and Centaurs results from mixing between icy (bright, spectrally neutral) and organic (dark, red) components. However, this correlation suggests that red objects systematically have higher albedos than the gray ones. On the basis of spectral mixing models between spectrally neutral dark materials (such as charcoal) and red material (represented by Titan tholin), Grundy and Stansberry (2003) suggested that just such a correlation between red color and higher albedo might exist. Why the Centaurs might embody this effect more strongly than the KBOs is still a mystery. Interestingly, the three most spectrally neutral objects defy the color-albedo trend, having rather high albedos: there may be at least two mechanisms underlying the observed color diversity. Those objects are 2060 Chiron, 90482 Orcus and (2003 AZ 84 ), and their unique position in the albedo-color plane may indicate that they share some unique surface character.
FUTURE PROSPECTS
At present, Spitzer/MIPS provides the most sensitive method available for measuring thermal fluxes from typical KBOs, but several upcoming observatories and instruments will provide substantially improved sensitivity. The joint ESA/NASA Herschel mission will have at least a factor of 2 better sensitivity at 75 microns (compared to MIPS 70 micron sensitivity), and additionally have a number of photometry channels in the range 70-500 microns. Since cold KBOs have their thermal emission peaks in the range 60-100 microns, observations in the Herschel bandpasses will map the peak of a KBO SED. Herschel is scheduled for launch in late 2008. The Large Millimeter Telescope (LMT) in central Mexico will have sufficient sensitivity at 1 millimeter with the SPEED instrument to detect thermal flux from the Rayleigh-Jeans tail of cold KBOs. First light for the LMT is expected in 2008.
Farther in the future, the American-European-Chilean Atacama Large Millimeter Array (ALMA) will provide sufficient sensitivity from 0.35-3 millimeters to detect typical KBOs; first light for ALMA might be as soon as 2012. The Cornell Caltech Atacama Telescope (CCAT) will operate at 200 microns to 1 mm, and its sensitivity at 350 µm will surpass that of ALMA; first light could also be in 2012. Any of Herschel, ALMA, and CCAT (the case is less convincing for the LMT) could be used for a large survey of many moderate-size (100 km class) KBOs. Such a program would expand the number of KBOs with good thermal measurements (and therefore radii and albedos) from tens to hundreds.
All of these next-generation capabilities operate at wavelengths either near the emission peak of KBOs, or well out on the Rayleigh-Jeans part of their spectra. While albedos and diameters derived from such observations are less model-dependent than those based on single-wavelength observations taken shortward of the emission peak, there are still significant uncertainties. For example, canonical STM and ILM fits to an 850 µm flux density produce albedos that differ by about 30%; if the KBO-tuned STM is used (including its uncertainty on η), that uncertainty is cut almost in half. If the validity of the KBO-tuned STM is born-out by further Spitzer observations of KBOs, it can be used to significantly refine the albedos and diameters derived from sub-millimeter KBO detections.
SUMMARY
Efforts to characterize the physical properties of KBOs and Centaurs with Spitzer are beginning to pay off. Considerable improvements have been made in the first three years of the mission in terms of predicting the necessary integration times, developing aggressive and successful observing strategies, and data processing. We present our 24 and 70 µm observations for 47 targets (31 with orbital semimajor axes larger than that of Neptune, 16 inside Neptune's orbit), and apply a modified version of the Standard Thermal Model to derive albedos and diameters for them. 39 of the targets were detected at signal-to-noise ratios ≥ 5 at one or both wavelengths. We use that sample to look for relationships between albedo and the orbital and physical parameters of the objects. The most marked such relationship is the distinct discontinuity in albedo at a diameter of about 1000 km, with objects larger than that having albedos in excess of 60%, and those smaller than that having albedos below about 25%. We suggest that these large, very high albedo objects (90377 Sedna, 136108 (2003 EL 61 ), 136199 Erisand 136472 (2005 FY 9 )) constitute a distinct class in terms of their physical properties.
The data suggest possible correlations of albedo with orbital distance, and with size and color, but the statistical significance of the correlations is marginal. Two correlations, those of albedo with perihelion distance (for KBOs and Centaurs) and with diameter (for KBOs), are nominally significant at more than the 3σ level. Perhaps the most interesting trend (albeit significant at only about the 2.8σ level) is for distinctly red Centaurs to have higher albedos than those that are more gray, contrary to what might intuitively be expected.
Prospects for improving on and expanding these results are relatively good. Spitzer will be operational into 2009, and more KBO observations will probably be approved. New ground-and space-based observatories will also contribute significantly, and at wavelengths that are complementary to those used here. In particular, submillimetermillimeter studies of KBOs should be relatively easy with facitilties such as ALMA, CCAT and LMT. The Herschel mission should also be very productive at far-IR to submillimeter wavelengths. a Small body number, provisional designation, and proper name for the target sample.
b Orbital semimajor axis (a), eccentricity (e) and inclination (i).
c Absolute Visual Magnitude (H V ), and spectral slope and uncertainty (S and σ S , in % per 100 nm relative to V band), from the photometric literature.
d Orbital semimajor axis > that of Neptune (30.066 AU).
e Deep Ecliptic Survey dynamical classification (Elliot et al., 2005) : CENTR = Centaur, CLSCL = Classical, RESNT = Resonant, SCTNR = Scattered Near, SCEXT = Scattered Extended. e The temperature of the blackbody spectrum used to compute the color correction. In most cases this is the 24:70 µm color temperature, but for the 4 denoted targets, the subsolar blackbody temperature was lower than the color temperature, and we used that instead. NOTE.-Results above the horizontal line have Spitzer detections with SNR > 5; those below the line have SNR < 5, or no Spitzer data.
a Columns 1-5 and 7 are as defined in Table 2 .
b Wavelengths where the objects were detected at SNR> 5 (above horizontal line), or have lower quality Spitzer data (below line).
c "Method" by which the diameter was measured. The meanings are: "bin" (binary mass plus density assumption). "image" (HST upper limit), "IRS" (Spitzer mid-IR spectra), "ISO" (Infrared Space Observatory), "Lcurve" (lightcurve + rotation dynamics), "mIR" (Groundbased 10-20 µm), "mm" (typically 1.2 mm groundbased data), "submm" (typically 850 µm groundbased data) 
